The neurotoxic effects of anesthetic exposure in developing brains are well established in animal models, with neurodegenerative changes found to be dose dependent and increased with multiple agents. [1] [2] [3] [4] [5] N-methyl-D-aspartate antagonists (such as nitrous oxide and ketamine) and g-aminobutyric acid agonists (such as benzodiazepines, propofol, and volatile anesthetics) are thought to mediate these apoptotic effects. 6, 7 In the animal model, long-term neurocognitive changes, including differences in learning, memory, motor activity, attention, and behavior during adulthood, have also been identified. 3, [8] [9] [10] A window of vulnerability in rodents appearstooccurduringpeaksynaptogenesis between postnatal day 7 and 30. 3, 11 In the human brain, peak synaptogenesis happens over a wider period of time, occurring in the primary sensorimotor cortex near the time of birth, temporal cortex at 9 months, and prefrontal cortex at 3 years of age. 12 Findings from clinical studies are mixed, with some studies showing a twofold increase in cognitive disability in children with anesthetic exposure, whereas others show no association. [13] [14] [15] [16] [17] [18] [19] [20] In studies demonstrating an association of anesthesia with disability, only children with multiple anesthetic exposures have been associated with deficits, but an effect with a single exposure has not been identified. 14, 18, 20 These clinical studies have used International Classification of Diseases, 9th Revision diagnosis codes, standardized tests, and evaluations by parents and teachers as outcome measures, but none to date has used a battery of multiple directly assessed neuropsychological outcome measures. We therefore studied a prospective birth cohort to determine if (1) exposure to anesthesia for surgery or a diagnostic test during the first 3 years of life is associated with differences in any of a range of directly assessed neuropsychological outcomes; and (2) if the differences persist with only a single episode of anesthetic exposure.
METHODS

Data Source
We obtained data from the Western Australian Pregnancy Cohort (Raine) Study, an established birth cohort consisting of 2868 children born from 1989 to 1992, originally created to evaluate the long-term effects of prenatal ultrasound. 21 The Raine Study enrolled 2900 pregnant women at 16 to 20 weeks gestation from the major tertiary maternity hospital and nearby private practice medical centers in Perth, Western Australia. Mothers were selected for enrollment if they had sufficient proficiency in English, expected to deliver at the hospital, and intended to remain in Western Australia for follow-up. 22 The Raine Study collected detailed demographic and medical data prenatally and at birth from medical records and parental selfreport. After birth, all children were assessed at 1, 2, 3, 5, 8, 10, 13, and 16 years of age. Parents were asked to keep detailed diaries of their child' s medical history. During follow-up visits, parents filled out questionnaires describing illnesses and medical problems, which were coded by research staff into International Classification of Diseases, 9th Revision codes. There was no direct access to medical records after the perinatal period, including surgical and anesthetic records. We classified any child who had a surgical or diagnostic procedure requiring anesthesia before the age of 3 as "exposed" and the rest "unexposed." Children who missed all 3 scheduled follow-up visits from 1 to 3 years of age were deemed "missing." Demographic information for these missing children was assessed, but they were excluded from further analysis, because data on exposure to anesthesia was not available for them. To ensure exposure to anesthesia, we reviewed the types of procedures, all of which were performed after leaving the maternity hospital. Children who were found to have diagnostic procedures not requiring anesthesia were placed in the unexposed group.
Outcome Variables
According to Raine Study protocol, at each follow-up visit, neuropsychological testing was performed. The most extensive testing occurred at the 10-year follow-up visits and consequently these tests were used as the outcome measures. A total of 6 tests were performed at age 10, and only 2 tests were performed at the other follow-up visits. The age 10 follow-up visit was the only time where language, cognitive function, motor skills, and behavior were all tested.
Neuropsychological Tests (Table 1) Cognition was assessed by using the Symbol Digit Modality Test (SDMT) and the Raven' s Colored Progressive Matrices (CPM). The SDMT assessed visual tracking, attention, and motor skills, and generated oral and written scores, whereas the CPM measured global cognitive performance, nonverbal intelligence, and visuospatial functions. 23, 24 The McCarron Assessment of Neuromuscular Development (MAND) was used to measure fine and gross motor tasks. 25 The Clinical Evaluation of Language Fundamentals (CELF) is a language test that assesses higher-order semantic, grammatical, and verbal memory abilities. This test generates three scores. The CELF-R is the receptive language score and measures listening comprehension, CELF-E is the expressive language score and tracks speaking ability, and finally the CELF-T represents total language ability. 26 The ARTICLE Peabody Picture Vocabulary Test (PPVT) is a receptive listening vocabulary test also assessing language. 27 Behavioral problems were measured by the Child Behavior Checklist (CBCL), a questionnaire evaluating both internalizing problems such as depression and somatic complaints, as well as externalizing problems that involve conflict with others, such as aggressive behavior and rule breaking. In addition to internalizing and externalizing scores, the CBCL also generates a total behavior score. 28 As opposed to the other neuropsychological tests, in CBCL scoring, higher scores show dysfunction, with scores ,60 considered normal. The CBCL was the only indirectly assessed survey test, and, because it did not require the child to be present, CBCL testing was completed at a higher rate than other tests.
Statistical Analysis
We performed bivariate analyses to evaluate demographic differences between exposed and unexposed children. Of the 6 neuropsychological tests performed, CELF, SDMT, and CBCL were each composed of subscores. In total, 11 available neuropsychological scores and subscores were assessed as potentially important outcomes at age 10. We used t tests to assess for score differences between exposed and unexposed children. For neuropsychological assessments that showed statistically significant differences between exposed and unexposed children, we used x 2 tests to assess for an increased likelihood of clinically relevant disability. Because published disability cutoff scores were normed for American children and may not take into account nuances of language and dialectal differences in Australian children, we used score cutoffs for disability normed for this particular cohort. [29] [30] [31] As a result, clinical disability was defined as children with scores worse than 1.5 SD than the mean of the entire cohort. 32 These score cutoffs were found to be similar to those normed for American children with the exception of slightly lower CELF-E scores in our cohort. A cutoff of 1.5 SD was chosen to apply a consistent scale for all 6 assessments, which in previously published works have had clinical disability defined at various levels including 1, 1.5, or 2 SD from the mean. [32] [33] [34] [35] [36] We set the a priori P value to P , .05. For the t tests and x 2 tests, corrections for multiple comparisons were made by using the Holm-Bonferroni method. 37 We calculated risk ratios and 95% confidence intervals (CI) to determine the strength of the association of clinical deficit with exposure. A modified multivariable Poisson regression model with robust variance was used to adjust for socioeconomic and baseline perinatal health status variables. Sex, low birth weight (,2500 g), race, income, and maternal education level were considered as potential confounder variables. Statistical analysis was performed by using SAS version 9.2 (SAS Institute, Inc., Cary, NC). 
Single and Multiple Anesthetic Exposures
For single and multiple anesthetic exposure subset analysis, we reviewed each patient and procedure to ensure the accuracy of the number of exposures. In procedures that were commonly paired, such as tonsillectomies and adenoidectomies performed with myringotomies, or hydrocele repairs with circumcisions, we used data from the Raine cohort to determine if these multiple procedures were performed during the same hospital visit. Children with commonly paired multiple procedures during the same visit were classified as "single exposure," whereas children who had multiple procedures at different visits were considered "multiple exposure." We only included children with complete follow-up from age 1 to 3 in this subset analysis to ensure that the recording of a procedure was not missed because of a missed follow-up. We used x 2 tests to assess differences in rates of disability between exposed and unexposed children in the same neurocognitive tests found to be significant in our primary analysis. We also calculated risk ratios and adjusted risk ratios to determine the strength of the association of clinical deficit with exposure.
RESULTS
The Raine cohort consisted of 2868 children, of which 260 children had no history of follow-up from ages 1 to 3 and were classified as "missing." The missing children were significantly different from the children evaluated in our cohort in most demographic categories ( Table 2 ). The remaining 2608 children were followed up at least once from age 1 to 3. After reviewing the procedures performed on each child, 321 children were found to have had surgical procedures requiring anesthesia before their third birthday and were classified as "exposed," whereas 2287 children did not have a history of surgery and were classified as "unexposed." We noted that exposed children were similar to unexposed children, but they included a higher proportion of boys and Caucasians compared with the unexposed group.
We also evaluated and found differences between those who followed up for testing at age 10 and those who did not. Children who did not return for testing had a higher prevalence of household income ,$24 000 (46% vs 34%), maternal lack of education beyond high school (53% vs 46.5%), and maternal smoking (27.2% vs 18.2%), but they had less maternal perinatal alcohol use (30.3% vs 37.2%).
At age 10, CBCL was performed in 77% of the cohort, PPVT in 58%, and remainder of the tests in 62%. The exposed children were tested at a slightly higher rate than the overall cohort with CBCL performed in 83%, PPVT in 61%, and all other tests in 67% of the cohort. In the exposed children, the surgeries and diagnostic procedures performed before age 3 ranged from myringotomies to open-heart procedures, but the vast majority were minor procedures (Table 3) .
Neuropsychological Score and Risk of Disability Differences in Exposed and Unexposed Children
We evaluated all neuropsychological tests at age 10. When compared with unexposed children, we found evidence that children exposed to anesthesia had significantly worse scores in tests of receptive, expressive, and total language (CELF-R: receptive language, P = .006; CELF-E: expressive language, P = .004; CELF-T: total language, P = .003) and cognition, specifically abstract reasoning measured by CPM (P = .002) ( Table 4) . We did not note any differences between exposed and unexposed children in behavior and motor function domains.
To determine the clinical implications of these score differences on language and abstract reasoning, we examined differences in the incidence of clinical disability between exposed and unexposed children (Table 5) . Evidence for a significantly increased rate of disability in exposed children was seen in receptive, expressive, and total language, (CELF-R, P = .0008; CELF-E, P = .005; CELF-T, P , .0001) and abstract reasoning tests (CPM, P = .01). After adjustment for confounders, we determined that children exposed to anesthesia before age 3 had a significantly increased risk of disability in receptive language (CELF-R) ( (Table 6 ).
Single and Multiple Anesthetic Exposures
We only included the children with complete follow-up from age 1 to 3 in the single-and multiple-exposure subset analysis, which included 1781 children. Of these children, 1523 were unexposed, 206 had a single exposure, and 52 had multiple exposures. We used x 2 tests to compare the unexposed, single-exposure, and multipleexposure groups and found evidence that significant differences in disability existed in CELF-T (P , .0001), CELF-R (P , .0001), and CPM (P = .03) scores (Table 5) . After adjusting for confounders, the aRR for disability was significant for total language (CELF-T) in single and multiple exposure (aRR, 2.36; 95% CI, 1.47-3.79 and aRR, 2.68 95% CI, 1.07-6.72, respectively), receptive language (CELF-R) for single and multiple exposure (aRR, 2.41; 95% CI, 1.40-4.17 and aRR, 3.52 95% CI, 1.38-9.00, respectively), and abstract reasoning (CPM) for single exposure (aRR, 1.73; 95% CI, 1.04-2.88) ( Table 6 ).
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DISCUSSION
Children who were exposed to anesthesia for surgery or diagnostic testing before age 3, compared with those who were not exposed, have an increased risk for long-term deficits in language and abstract reasoning at age 10. This increased risk was found even in children with a single exposure to anesthesia. Our findings show that not all cognitive domains are uniformly affected. There was no evidence of differences in visual tracking and attention (SDMT), fine and gross motor function (MAND), or behavior (CBCL) based on anesthesia exposure status. Interestingly, although the CELF showed clear differences in receptive language ability, we did not see any differences in the PPVT, which is also a language test of receptive vocabulary and verbal ability. The CELF, however, assesses higherorder language abilities, and it is possible that the PPVTwas unable to capture those differences. 38 This finding further emphasizes the importance of using sensitive and specific neurocognitive Because of rounding, percentages may not sum to 100. AUD, Australian dollar. a Exposed children were compared with unexposed children with x 2 tests. b Missing children were compared with all other children (exposed and unexposed) with x 2 tests.
tests in assessing deficits that can result from exposure to neurotoxic agents.
The major strength of this cohort is the availability of a battery of directly administered neuropsychological assessments, which have not been used in previously published clinical studies of anesthetic neurotoxicity. In the past, outcomes such as diagnostic codes, academic performance, standardized testing, school and medical records, and parent and teacher surveys have been used. [13] [14] [15] [16] [17] [18] 20 Although some of these studies have found differences between exposed and unexposed children, directly administered neuropsychological assessments may have increased sensitivity to capture subtle effects that may be difficult to detect clinically. Neurodevelopmental studies of lead, pesticides, and other potential neurotoxins have similarly found that appropriate assessment tools are critical in documenting the effects of exposure. 39, 40 In neurotoxicology studies, sensitive outcomes are particularly important because an effect size of 0.2 SD can be of clinical and public health significance. 39 The magnitude of increased relative risk of disability found in this study was consistent with that reported by other investigators. Our adjusted relative risk of clinical deficit ranged from 1.69 to 2.11, whereas DiMaggio et al 17, 18 measured an adjusted hazard ratio of developmental or behavioral disorder of 2.3 (95% CI, 1.3-4.1) in exposed children, and Wilder et al 14 and Flick et al 20 found an increased risk of learning disability of 2.6 (95% CI, 1.6-4.2) and 2.12 (95% CI, 1.26-3.54), respectively. Although these studies only found a difference in children with multiple anesthetic exposures, our data indicate that, by using sensitive measures, an increased risk of cognitive disability can be demonstrated in children with a single exposure. We found the adjusted relative risk ratio of disability in the multiple-exposure children to be similar to those with a single exposure. It is possible a "doseresponse" effect may become evident with a larger sample of children than is available with our study cohort. It should be noted that a much smaller number of children tested were exposed to multiple anesthetics (40 children) in comparison with the larger number exposed to only a single anesthetic (141 children) ( Table 5 ). One caveat is that, in general, analysis of single versus multiple exposures has been used as a crude estimate for the dose of anesthetic exposure, because the duration of exposure and anesthetics agents used in procedures may vary widely. Our results, however, do suggest that a single exposure to anesthesia is associated with long-term deficits.
There are several limitations in our study. They include the retrospective nature of the analysis (however, the cognitive testing was performed prospectively and independent of the hypothesis being tested here), differences in demographics between the exposed and unexposed children, the lack of detailed anesthetic information, the assessment tool available to assess behavior, and the attrition of the cohort over time.
There were demographic differences between exposed and unexposed children. More exposed children were Caucasian and lived in higher-income households compared with the unexposed children. We also found a higher proportion of boys in the exposed group, as has been reported in previous studies. 14 However, the observed increase in risk with anesthesia exposure remained even after adjusting for the demographic variables and gender of the child in our regression model. When interpreting our results for external validity, the differences in the missing children with regard to baseline socioeconomic and perinatal health variables should be taken into account. The exclusion of non-Englishspeaking mothers from the study may also lead to the study findings being less relevant to children at a lower socioeconomic status.
Part of the association of neurocognitive deficit with anesthesia may be Open heart procedure 4 (0. Due to patients with multiple exposures, the number of procedures exceeds the number of exposed patients. ARTICLE due to innate differences between children requiring surgery and diagnostic procedures and those not requiring these procedures. Because we did not have access to medical records for the current study, we were unable to adjust for comorbid disease in either group. However, the fact that the vast majority of children underwent minor procedures leads us to believe that significant comorbidity is unlikely to confound our results.
The lack of access to medical records also limited our ability to review anesthetic exposure including specific drugs used and duration of anesthesia.
Because the study period was during a time when the most prevalent volatile anesthetic was halothane, we surmise that in the majority of our patients this was the agent used. Although halothane is no longer clinically available, it has been found to cause similar neurotoxic effects as other volatile anesthetics in the animal model. 41, 42 CBCL, although widely used and well validated, 16, [43] [44] [45] is a behavior survey assessment completed by parents, and the only test among the 6 used not directly administered by trained research staff. Our finding of a lack of difference in behavior has also been reported in another recent study by using an outcome that may also lack adequate sensitivity. 20 These findings may be due to a sparing of neurocognitive effects of anesthetics on behavior, or possibly the relative lack of sensitivity of this test, particularly in comparison with the other directly administered assessment tools. Other recent data, however, suggest that anesthesia exposure may be associated with attention-deficit/hyperactivity disorder. 46 This further emphasizes the need for sensitive, directly administered behavior assessments to evaluate the existence of subtle neuropsychological differences.
The geographically isolated nature of Western Australia is likely to result in less migration than other parts of the world, but like any cohort study, we experienced loss to follow-up. In our overall cohort, children who were exposed to anesthesia and did not follow-up at ages 1, 2, or 3 could be misclassified as unexposed children. This would likely bias the result toward the null, or a lack of a difference between exposed and unexposed children.
If this is the case, the differences that we found may in fact be underestimating the true difference between exposed and unexposed children.
CONCLUSIONS
In this birth cohort, children exposed to anesthesia before age 3 had an increased long-term risk of clinical deficit in receptive and expressive language, as well as abstract reasoning. Children who only had a single exposure to anesthesia also had an increased risk of deficit in receptive language and abstract reasoning. Our results indicate that the association between anesthesia and neurodevelopmental outcome may be confined to specific domains. Our study documented specific deficits obtained through directly administered neuropsychological assessment. This is in contrast to earlier studies finding no evidence of an association using broad-based summary scores, but in line with more recent data finding exposure to anesthesia associated with learning disability and receipt of individualized education programs for speech/language impairment. 13, 15, 16, 19, 20 Our findings may play an important role in directing future studies by identifying deficits in specific neuropsychological domains associated with anesthetic exposure. It is also noteworthy that the outcomes of language and reasoning cannot be easily assessed in the animal model, which emphasizes the importance of studies in humans.
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